Urgency urinary incontinence (UUI) and overactive bladder (OAB) can both potentially be influenced by commensal and urinary tract infection-associated bacteria. The sensing of bladder filling involves interplay between various components of the nervous system, eventually resulting in contraction of the detrusor muscle during micturition. This study models host responses to various urogenital bacteria, first by using urothelial bladder cell lines and then with myofibroblast contraction assays. To measure responses, we examined Ca 2ϩ influx, gene expression, and alpha smooth muscle actin deposition assays. Organisms such as Escherichia coli and Gardnerella vaginalis were found to strongly induce Ca 2ϩ influx and contraction, whereas Lactobacillus crispatus and L. gasseri did not induce this response. Additionally, supernatants from lactobacilli impeded Ca 2ϩ influx and contraction induced by uropathogens. Upon further investigation of factors associated with purinergic signaling pathways, the Ca 2ϩ influx and contraction of cells correlated with the amount of extracellular ATP produced by E. coli. Certain lactobacilli appear to mitigate this response by utilizing extracellular ATP or producing inhibitory compounds that may act as a receptor agonist or Ca 2ϩ channel blocker. These findings suggest that members of the urinary microbiota may be influencing UUI or OAB.
IMPORTANCE
The ability of uropathogenic bacteria to release excitatory compounds, such as ATP, may act as a virulence factor to stimulate signaling pathways that could have profound effects on the urothelium, perhaps extending to the vagina. This may be countered by the ability of certain commensal urinary microbiota constituents, such as lactobacilli. Further understanding of these interactions is important for the treatment and prevention of UUI and OAB. The clinical implications may require a more targeted approach to enhance the commensal bacteria and reduce ATP release by pathogens. KEYWORDS ATP, Escherichia coli, Gardnerella, Lactobacillus, extracellular U rinary incontinence is common in women, but is underreported and undertreated (1, 2) . Patients who suffer from overactive bladder syndrome (OAB) or urgency urinary incontinence (UUI) usually experience the sensation to urinate whether the bladder is full or not. While there are many factors involved, ultimately it is the contraction of bladder smooth muscle cells that invokes urination (2) (3) (4) . The storage and voiding of urine are controlled by both the sympathetic and parasympathetic nervous system pathways (2) (3) (4) . It is speculated that neurotransmitters with different effects and potentially originating from bacteria may play major roles in bladder function (5) (6) (7) .
The discovery of urinary microbiota has shown that diversity differs between healthy people and patients with neurogenic bladder dysfunction, interstitial cystitis, UUI, and sexually transmitted infections (8) (9) (10) (11) (12) (13) (14) (15) . The microbial diversity in women with UUI may be associated with severity of the condition (14, 16) . The genus Lactobacillus has been found more frequently in healthy subjects than patients with UUI (60% versus 43%), while Gardnerella was more abundant in patients (26% versus 12% in controls) (9) . Interestingly, in one study, Lactobacillus gasseri was considerably more prevalent in UUI patients than Lactobacillus crispatus (14) .
It may seem difficult to envisage how the detrusor muscle, which controls micturition, could be affected by bacteria present at the urothelial layer. Yet, the urothelium is only 3 to 5 mm thick, and uropathogens have been shown to damage and invade this layer (3) . Urothelial cells communicate with the suburethral tissue in the lamina propria, which contains nerve fibers and smooth muscle cells, by releasing excitatory compounds such as ATP (3, 4) . Bacterial compounds could induce urothelial cells to release excitatory compounds into the suburethral space, thereby inducing smooth muscle contraction and voiding (17) (18) (19) . The hypothesis of this study is that bacteria produce, release, and potentially sequester excitatory compounds that may play a role in UUI pathogenesis. A corollary is that commensal bacteria may be beneficial by preventing detrusor muscle contractions.
This study explores interactions of uropathogenic bacteria and commensal lactobacilli to affect the physiology of bladder cells in culture and to release ATP to stimulate Ca 2ϩ influx and contraction of myofibroblasts.
RESULTS
Ca 2؉ influx of uroepithelial cells induced by bacterial supernatants. In order to determine if bacteria could induce Ca 2ϩ influx into uroepithelial cells, bacterial supernatants of the uropathogenic strain Escherichia coli IA2, obtained from an overnight culture, were added to 5637 human urinary bladder cells, and Ca 2ϩ influx was measured by fluorescence microscopy. Like ionomycin, the supernatant of E. coli IA2 was able to induce the influx of Ca 2ϩ into uroepithelial cells compared to medium alone (artificial urine [AU]) ( Fig. 1A ). Unlike one previous study (20) , lipopolysaccharide (LPS) did not stimulate the influx of Ca 2ϩ in this model ( Fig. 1A) .
Supernatants from E. coli IA2, compared to the noninoculated artificial urine control, increased the levels of Ca 2ϩ influx at a significant constant rate from 2 h to the final measurement at 24 h. In contrast, supernatant from Enterococcus faecalis 33186 (another genus implicated in urogenital infections) did not significantly increase the levels of Ca 2ϩ influx until the 3-h time point, and the calcium influx appeared to be less than that of the E. coli strain ( Fig. 1B and C) . These results suggest that uropathogenic bacteria produce and release some excitatory compound that is able to induce Ca 2ϩ in uroepithelial cells.
L. crispatus ATCC 33820 and L. gasseri KE-1 supernatants reduce Ca 2؉ influx caused by E. coli IA2. Given that the uropathogenic bacterial supernatants tested were able to induce Ca 2ϩ influx into uroepithelial cells, the next step was to determine what the effect would be if supernatants of healthy commensal urogenital bacteria, such as L. crispatus 33820 and L. gasseri KE-1, were used (21) . While the addition of E. coli IA2 supernatant induced high levels of Ca 2ϩ influx into the 5637 uroepithelial cells, as seen in Fig. 1 , the addition of L. crispatus 33820 supernatant induced very little Ca 2ϩ influx ( Fig. 2A and B ). In addition to this, addition of both the E. coli and L. crispatus supernatants in combination reduced the level of Ca 2ϩ influx compared to E. coli alone ( Fig. 2A and B) . These observations were also seen when supernatants from L. gasseri KE-1 were used, and there was a significant reduction in Ca 2ϩ influx into 5637 cells when this was used in combination with the E. coli supernatant (Fig. 2C ).
Extracellular ATP from bacterial supernatants and the ability of L. crispatus to mitigate its effects. There are a number of potential excitatory compounds that could be released by uropathogenic bacteria, such as ATP. In order to determine if, and how much, ATP was being released by these bacteria, a luminescent assay was used to quantify the amount of extracellular ATP released. Supernatants from overnight cultures of E. coli IA2, L. crispatus 33820, and L. gasseri KE-1, as well as Gardnerella vaginalis 14018, an organism commonly found in the reproductive and urogenital tracts and associated with bacterial vaginosis, were tested to determine the concentrations of ATP released. In a separate experiment, L. vaginalis NCFB 2810 (another distinctive vaginal commensal) was assessed with L. crispatus, L. gasseri, and artificial urine as comparative controls. Supernatants from the overnight cultures of G. vaginalis, L. vaginalis, and E. coli contained significantly more ATP than medium alone, while both L. crispatus and L. gasseri produced some ATP ( Fig. 3A and B ), L. vaginalis produced 10-fold more in comparison to the other lactobacilli tested ( Fig. 3B ). Supernatant from G. vaginalis contained significantly more ATP than both L. crispatus and L. gasseri (Fig. 3A) .
Given that L. crispatus was able to reduce Ca 2ϩ influx and did not release comparatively large amounts of ATP, the utilization of this molecule was assessed. The amount of ATP remaining when L. crispatus was grown in AU supplemented with 0.1 mM ATP for 24 h was less than half that of the control (Fig. 3C ). To further characterize ATP reduction by L. crispatus, the bacterium was cultured in AU supplemented with different concentrations of ATP or in AU supplemented with 50% E. coli supernatant and 25% G. vaginalis supernatant, which contained bacterially released sources of ATP. The growth of L. crispatus was increased as concentrations of ATP increased (Fig. 3D ), while the growth of E. coli was inhibited with increasing concentrations of ATP (Fig. 3E ). The growth of L. crispatus was also increased when supplemented with the E. coli ( Fig. 3F and H) and G. vaginalis ( Fig. 3G and I) supernatants. In the presence of ATP or supernatant from G. vaginalis that also contained ATP, the pH of L. crispatus became further reduced, indicating its metabolism ( Fig. 3J ). Direct metabolic use of ATP by lactobacilli has not been demonstrated by this fermentative bacterium to our knowledge.
Further release of ATP by urothelial cells when stimulated with low concentrations of ATP. It was unclear whether the concentration of ATP detected in the bacterial supernatants was enough to stimulate cellular Ca 2ϩ influx on its own, so we then determined what the effect was when ATP was directly added to 5637 cells. Following stimulation of the 5637 cells in RPMI with 0.009 M ATP for 2 min, there was a significant increase in the concentration of ATP detected in the cell supernatant compared to the cells-only control (Fig. 3K ). This suggested that stimulating uroepithelial cells with ATP is able to induce the release of more ATP into the surrounding environment.
Effects of subtherapeutic ciprofloxacin on E. coli IA2 on ATP release. Different conditions may influence the ability for uropathogenic bacteria to release ATP. Treatment of bacteria with subtherapeutic concentrations of antibiotics may stress the cells and cause increased ATP release. Preliminary experiments were conducted to determine if subtherapeutic antibiotic treatment altered the ATP release of E. coli IA2. The MIC of ciprofloxacin, an antibiotic routinely used to treat urinary tract infections (UTIs), was determined by culturing the bacteria with concentrations of ciprofloxacin ranging from 10 to 0.031 g/ml. Under our laboratory conditions, the MIC against E. coli IA2 was determined to be between 1 to 1.5 g/ml. Next, E. coli IA2 was exposed to sub-MICs of ciprofloxacin in its growth medium at 0.25, 0.125, and 0.0625 g/ml, respectively. These preliminary experiments showed the treatment with subtherapeutic concentrations of ciprofloxacin caused E. coli IA2 to release more ATP than the cells-only control ( Fig. 4) .
Expression of MAOA and MAOB in the 5637 cells exposed to bacterial supernatants. Increased influx of intracellular Ca 2ϩ caused by excitatory signaling can cause mitochondrial dysfunction. Expression of the genes coding for the mitochondrial enzymes monoamine oxidase A (MAOA) and B (MAOB) was measured because of their potential ability to degrade neurotransmitters such as serotonin. Bacterial supernatants collected from either E. coli IA2 or L. crispatus 33820 were added to 5637 uroepithelial cells for 3 h, after which the cells were lysed and RNA collected for quantitative PCR (qPCR). Both the E. coli supernatant and the L. crispatus supernatant induced no change in MAOA gene expression ( Fig. 5A ). While the E. coli supernatant had no effect on MAOB gene expression, the L. crispatus supernatant increased its expression ( Fig. 5B ).
Effect of GABA on Ca 2؉ influx induced by ATP and bacterial supernatant. Given that the Ca 2ϩ influx caused by stimulation with ATP is an excitatory nervous system stimulation, it stands to reason that it should be decreased with the addition of an crispatus was grown in AU supplemented with 0.1 mM ATP overnight, and the amount of ATP was evaluated by luminometer (C). Growth of L. crispatus and E. coli was measured in the presence of different concentrations of ATP in AU (D and E) and additionally for L. crispatus supplemented with E. coli or G. vaginalis supernatants (F and G). The ability of L. crispatus to reduce the amount of ATP in AU supplemented with 25% E. coli supernatant (H) and 25% G. vaginalis supernatant (I) individually was also examined. L. crispatus 33820 was grown in media supplemented with G. vaginalis 14018 to assess the change in pH (J). 5637 urothelial cells were incubated in RPMI, supplemented with small quantities of ATP, and incubated for 2 min to assess the amount of ATP released (K). Statistical significance was determined using Dunn's multiple-comparison test. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001; ****, P Ͻ 0.0001. inhibitory signal (22) . The neurotransmitter ␥-aminobutyric acid (GABA) is the primary inhibitory neurotransmitter in the mammalian central nervous system and is known to inhibit Ca 2ϩ influx (20) . Therefore, the potential inhibitory effect of GABA against ATP signaling was tested in the uroepithelial cells. The 5637 cells were treated with either 1 M ATP, 1 M GABA, or both in combination. Treatment of the 5637 cells with GABA showed reduced Ca 2ϩ influx to approximately half the amount compared to the ATP-treated cells alone (30.44 arbitrary units), while influx from the control, GABA in AU, remained low (3.97 arbitrary units) (Fig. 6A ). In the following experiment, 5637 cells were treated with bacterial supernatant from E. coli IA2 alone or in combination with GABA, with a control provided by GABA in AU. As previously seen, in the 5637 cells exposed to the E. coli supernatant, there was a high rate of calcium influx (Fig. 6B) . Interestingly, the GABA treatment reduced Ca 2ϩ influx caused by E. coli supernatant below the levels observed for the control, totally mitigating the effect of the ATP and indicating that some of the interactions may also be combinational between ATP and GABA.
Effect of bacterial supernatants on myofibroblast contraction. In order to determine if Ca 2ϩ influx induced by bacterial supernatant or ATP stimulation was sufficient to induce contraction, a collagen contraction assay using primary myofibroblast cells seeded inside a collagen matrix was tested. Myofibroblasts undergo contraction after Ca 2ϩ influx, and this in vitro model of smooth muscle contraction was used as a surrogate for bladder contractility. The myofibroblasts were cultured in Dulbecco's modified Eagle's medium (DMEM) with addition of either supernatants from bacteria, including E. coli IA2, L. crispatus 33820, and L. gasseri KE-1, or GABA and ATP (Fig. 7A) . Supernatants from E. coli were able to induce the greatest amount of contraction in the myofibroblasts after 24 h (Fig. 7B ), and this was inhibited when the E. coli supernatant was supplemented with supernatant from either L. crispatus (Fig. 7B ) or L. gasseri (Fig. 7C ). 
Effects of Extracellular Bacterial ATP
The addition of ATP induced contraction on myofibroblasts within the first hour, which continued for 24 h (Fig. 7D) ; while GABA did not cause contraction, it also prevented any basal level of contraction. Addition of GABA to supernatant from E. coli inhibited contraction compared to E. coli supernatant alone to below basal levels with the AU medium only (Fig. 7E) . A previous report suggested that the contraction induced by E. coli may be due to LPS stimulation (37) . However, after 5 h of exposure to LPS, the myofibroblast contraction was approximately half of that induced by ATP (Fig. 7F) .
Effect of bacterial supernatants on both intracellular ␣-SMA and induction of TNF. To determine myofibroblast contractive abilities in the presence of bacterial compounds, the effect on alpha smooth muscle actin (␣-SMA) was assessed. The ␣-SMA protein is one of the isoforms of actin and the major constituent of the contractile apparatus. Supernatant from E. coli IA2 was added to myofibroblast cultures, and ␣-SMA was measured using confocal microscopy after 1 h of exposure. Treatment of myofibroblasts with E. coli supernatant increased the level of ␣-SMA detected (Fig. 8A  and B ) compared to the medium-only control. In addition to this, treatment of myofibroblasts with supernatant from L. crispatus 33280 reduced the level of ␣-SMA compared to the control (Fig. 8A and B) . In addition to this, RNA was collected from myofibroblasts following 3 h of exposure in order to determine the expression of the ACTA2 gene (which encodes ␣-SMA). Neither the E. coli nor the L. crispatus supernatants appeared to alter gene expression of ACTA2 (Fig. 8C) . Thus, products present in the E. coli IA2 and L. crispatus 33280 cultures either alone or in combination were cocultured with myofibroblasts for 1 h to determine levels of ␣-SMA. Image intensity was measured by confocal microscopy with DAPI and fluorescein isothiocyanate (FITC) to show staining of ␣-SMA. (C and D) Overnight culture supernatants from E. coli IA2 and L. crispatus 33280 cultures either alone or in combination were cocultured with myofibroblasts that were grown in the collagen matrix and then incubated at 37°C with 5% CO 2 for 3 h, and following this, RNA was extracted. Expression of the genes encoding ␣-SMA (ACTA2) and TNF-␣ (TNF) was measured by quantitative PCR using GAPDH as a reference gene. Samples were normalized to the unstimulated control (DMEM) (C and D). coli supernatant may cause contraction of ␣-SMA, while supernatant from L. crispatus may inhibit ␣-SMA without altering gene expression. Finally, to determine if sustained activation of the Ca 2ϩ channel promotes apoptosis by bacterial components in the supernatant, TNF (the gene that encodes tumor necrosis factor alpha [TNF-␣]) was measured as an indicator. Supernatant from E. coli IA2 caused a large increase in expression of TNF (Fig. 8D) , whereas exposure to L. crispatus 33820 supernatant resulted in only a small increase. When E. coli and L. crispatus supernatants were combined and added to the cells, the expression of TNF was reduced compared to that in the E. coli-only group (Fig. 8D) .
Effects of Extracellular

DISCUSSION
The data shown in this study demonstrate that uropathogenic E. coli IA2 can release ATP into artificial urine and cause the influx of Ca 2ϩ into 5637 uroepithelial cells ( Fig. 2A  and 3A) . The ability to stimulate the uroepithelium could potentially impact the suburethral space and smooth muscle cells, which may directly affect the contractility of the bladder (23) . The in vitro myofibroblast model showed that the E. coli supernatant could induce high levels of collagen matrix contraction after 24 h ( Fig. 7A and B) .
Intracellular Ca 2ϩ has many roles inside the cell and regulates important mechanisms such as gene expression, metabolism, and proliferation (24) . The release of ATP has been shown previously to be detected extracellularly in E. coli, Salmonella, Acinetobacter, Pseudomonas, Klebsiella, and Staphylococcus in vitro (19) . In patients with urinary infections, antibiotics are often administered. This reduces the number of bacteria in the lumen, where they are exposed to therapeutic concentrations of the antibiotic. However, bacteria can also be embedded intracellularly in the urothelial cells, where only subtherapeutic concentration of antibiotics may reach (25) . The data shown here demonstrate that subtherapeutic exposure to ciprofloxacin can cause E. coli to release higher levels of ATP ( Fig. 4) , which has the potential to enhance bladder contractility.
The role that the urinary microbiota of incontinent patients may have in uncontrolled voiding is supported by the finding that an abundant member of the microbiota, G. vaginalis, releases comparatively large amounts of ATP ( Fig. 3A) (14, 15) . If these amounts are produced in vivo, they may cause urothelial cells to release more ATP in the suburethral space, potentially leading to mitochondrial dysfunction and cell apoptosis.
Commensal bacteria are more abundant than pathogens in the bladder of healthy women and are associated with a reduced risk of UUI (26) . This could potentially be occurring by inhibiting the pathogenic bacteria or the pathogenic process. We surmised that they might have a protective role against extracellularly deposited bacterial ATP. This was shown by demonstrating that L. crispatus and L. gasseri did not release significant amounts of ATP (Fig. 3B) , and L. crispatus could reduce ATP levels in AU supplemented with 0.1 mM ATP (Fig. 3C ). In addition, L. crispatus and L. gasseri inhibited Ca 2ϩ influx induced by E. coli-derived compounds ( Fig. 2A, B , and C). Preliminary evidence was obtained that commensal bacteria could degrade or utilize ATP, with L. crispatus reducing ATP levels in AU. Lactobacillus crispatus also increased expression of the MAOB gene ( Fig. 5B ), encoding proteins that can degrade biogenic amines, which can act as neurotransmitters and include serotonin, dopamine, and many more neuroactive molecules of the class. A decrease in the level of these mitochondrial enzymes has been thought to worsen neurological disorders and may also be another mechanism by which commensal bacteria mitigate the effects of these chemicals (27) .
The direct production and then utilization of ATP in media by Gram-negative pathogens was shown by Mempin et al. (19) , but the utilization has never been shown for lactobacilli and may provide supplementary ATP. Lactobacilli are typically restricted to glycolytic and fermentative pathways, which produce significantly less ATP than through the respiratory pathways used by other bacteria. If lactobacilli present in the bladder microbiota or even the vagina can scavenge ATP, it may not only potentially provide an extra energy source for the bacteria but could sequester it away from the epithelial layer, thereby promoting a homeostatic environment. These are important findings, since ATP promoted collagen matrix contraction by myofibroblasts ( Fig. 7A  and D) , an in vitro model of smooth muscle contraction, suggesting a mechanism for premature voiding and the potential for Lactobacillus strains to interfere with this process. However, not all strains of lactobacilli tested were protective against the effects of ATP. Lactobacillus vaginalis, detected in the oral, vaginal, and intestinal microbiomes, has been associated with intermediate grades of bacterial vaginosis (28) . In this study, L. vaginalis was found to release ATP (Fig. 3B ) several fold more than E. coli, which suggests that certain lactobacilli may in fact be part of the disease process; this will require further investigation.
The neurotransmitter GABA is produced by bacteria (29), including certain species of Lactobacillus, and this study showed that while it did not cause calcium influx (Fig. 6A ) or contraction of myofibroblasts ( Fig. 7) , it could inhibit contraction caused by E. coli products ( Fig. 6B and 7E ). Toxins such as hemolysin A from urinary pathogenic Escherichia coli can induce calcium influx and the rapid release of molecules of ATP from erythrocytes and other cells but do not directly involve GABA, which was shown here to mitigate the calcium influx and myofibroblast contraction (30) . Further studies that will mitigate the effects of ATP, such as by use of the enzyme apyrase, which catalyzes the hydrolysis of ATP, are planned to determine the relative contribution of bacterial extracellular ATP to pathogenesis. The increase in intracellular Ca 2ϩ levels results in the secretion of ATP by urothelial cells (Fig. 3K) by two potential mechanisms. The first mechanism is that ATP can be released via channels such as the connexin hemichannels and pannexin, as well as several anion channels (22) . It is possible that stimulation of Ca 2ϩ influx in urothelial cells may cause increased expression of vesicular nucleotide transporter (VNUT) in the cell and subsequent release of ATP into the suburethral and muscle layer, causing bladder contraction. The second potential mechanism is that a continuously activated Ca 2ϩ channel leads to mitochondrial Ca 2ϩ overload, apoptosis, and release of ATP from urothelial cells (31) .
Alpha smooth muscle actin (␣-SMA) has a well-substantiated, central role in the production of contractile force during wound healing and fibro-constrictive diseases (32) . Confocal microscopy demonstrated that there is a direct correlation between increased ␣-SMA immunoreactivity and uropathogen-induced contraction of the collagen gel matrix by myofibroblasts in vitro ( Fig. 7B and Fig. 8B and C) . There was also a correlation between decreased ␣-SMA immunoreactivity and a decrease in collagen matrix contraction induced by L. crispatus (Fig. 7B and Fig. 8B and C) . However, qPCR showed that these organisms are unable to influence the expression of ACTA2. Increased intracellular Ca 2ϩ levels can drive the urothelial cells to the apoptosis phase. Tumor necrosis factor alpha can induce apoptosis (33) , and so the ability of L. crispatus to reduce the E. coli-stimulated upregulation of this gene in myofibroblast cells could be of significance (Fig. 8D) .
In summary, the findings of this study demonstrate a novel mechanism by which uropathogenic bacteria such as E. coli may be able to induce bladder contractility by releasing ATP to trigger Ca 2ϩ influx. In addition to this, it shows that commensal members of the urinary microbiota, in particular L. crispatus and L. gasseri, can mitigate the ability of uropathogenic E. coli to stimulate pathways associated with conditions such as UUI. These findings not only provide insight into how bacteria may be able to contribute to disease development, but also identify a potential avenue for treatment using beneficial bacteria. Further studies are required to confirm these mechanisms under in vivo conditions.
MATERIALS AND METHODS
Bacterial supernatant preparation. Uropathogenic Escherichia coli 1A2 was maintained on LB agar (Difco, MD), Lactobacillus gasseri KE-1 (urinary isolate), Lactobacillus crispatus ATCC 33820, and Enterococcus faecalis ATCC 33186 were maintained on MRS (deMan, Rogosa, Sharpe) agar (Difco, MD), and Gardnerella vaginalis ATCC 14018 and Lactobacillus vaginalis NCFB 2810 were maintained on Columbia blood agar (CBA) and Gardnerella selective agar. For these studies, all strains of bacteria were grown in artificial urine (AU) (34) , which in preliminary experiments was shown not to stimulate the influx of Ca 2ϩ
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